Introduction {#Sec1}
============

Cardiovascular disease is the leading cause of death in the United States, resulting in every 1 in 3 deaths^[@CR1]^. Atherosclerosis is a major underlying cause, in which plaque that is composed of fat, cholesterol, calcium, and other substances, build up in the artery walls. The lumen of the artery narrows and can lead to major diseases and complications, such as strokes and heart attacks. Identifying vulnerable plaques early is essential for the management and prevention of fatal outcomes^[@CR2]^. Atherosclerotic plaques can occur anywhere in the major arterial vasculature, including smaller arteries such as the coronary artery that are not easily accessible^[@CR3]^. Due to the lack of accessibility and the small size of the sample, intravascular diagnosis methods have become a powerful tool in interventional cardiology for diagnosis and management of cardiovascular diseases.

Several different intravascular imaging methods have been used to characterize the structure and properties of plaques and the vessel wall. Intravascular ultrasound (IVUS) is one of the oldest and most commonly used imaging modalities used to assess properties, such as the lumen size and wall morphology of arteries^[@CR4]^. In more recent years, optical coherence tomography (OCT) is another intravascular imaging modality used to obtain high-resolution structural images^[@CR5]^. More recently, the deep penetration of IVUS and high resolution of OCT have been combined in a single catheter to offer complementary structural information^[@CR6],\ [@CR7]^. However, structural information by itself is often not enough to make an accurate diagnosis on plaque vulnerability. Other methods, such as photoacoustic imaging and fluorescence detection have been used intravascularly to gain molecular and composition information of atherosclerotic plaques^[@CR8]--[@CR12]^.

Atherosclerosis also affects the mechanical properties of vessel walls due to the changes in the wall composition and the local geometry^[@CR13]^. Since the biomechanical properties of fibrous and lipid plaques are different, there is a close correlation between the tissue elasticity and pathology. In recent years, several different elastography methods have been used to probe tissue elasticity. Acoustic radiation force has been vastly studied for ultrasound elastography, including acoustic radiation force impulse (ARFI) imaging, shear wave elasticity imaging, and vibro-acoustography^[@CR14]--[@CR16]^. These methods, especially ARFI, have been used in vascular tissue imaging and characterization of plaques. ARFI uses tissue displacement and relaxation information extracted from the response to a single impulse force and has been shown to characterize different types of plaques, and specifically carotid artery plaques *in vivo* ^[@CR17]--[@CR19]^. However, ARFI is limited by the resolution of ultrasound.

Optical coherence elastography (OCE) has the advantage of high resolution and high sensitivity for quantification of the mechanical structure of tissues^[@CR20]--[@CR26]^. OCE using dynamic excitation ARF has been studied for both shear wave and compressional wave generation^[@CR25]--[@CR29]^. However, these methods mostly focus on *ex vivo* image acquisition due to the size of the ultrasonic transducer and system stability. Taking the tissue out of its natural environment will affect its mechanical properties and have limited clinical value. In order to obtain accurate characterization of elastic properties, it is necessary to perform imaging *in vivo*, which requires incorporating the technique into a single miniature probe. Development of ARF-OCE with a miniature probe poses challenges due to the need for high sensitivity and a large excitation force.

In this paper, we introduce a novel miniature probe-based system using a single ARF as the excitation mechanism and phase-resolved OCE for detection in order to map the elasticity of tissues. We use a miniature focused ring transducer for maximum excitation and utilize OCE for its nanometer sensitivity^[@CR30]--[@CR33]^. Calibration data was obtained using two uniform phantoms while the feasibility of distinguishing mechanical contrast and tissue imaging was demonstrated using a side-by-side phantom and cadaver tissues, respectively. The relative Young's moduli ratio of the cadaver tissue components were approximated and compared to literature values^[@CR34]^. The results demonstrate the feasibility of a miniature probe for the quantification of tissue mechanical properties, and represent a significant first step toward developing an endoscopic intravascular probe for ARF-OCE.

Results {#Sec2}
=======

System Design {#Sec3}
-------------

The overall design of the ARFI-OCE system is shown in Fig. [1a](#Fig1){ref-type="fig"}. An 890 nm superluminescent diode (SLD) source with a bandwidth of 150 nm is used in the SD-OCT system. With a 0.9 mW output power on the sample, the system operates below the preset MPE limits. On the detection arm, a 1200 slits/mm diffraction grating is used along with a CMOS camera for detection of 20 k A-lines per second. The system has the capabilities to increase to 70 k A-line speed, but was not used for this feasibility study to maximize the signal to noise ratio. The ultrasonic excitation was synchronized with the OCE acquisition via a function generator for efficient detection. A single amplified ARFI was given for the specified pulse duration and 500 A-lines of Doppler OCT were used to detect the phantom or tissue response.Figure 1(**a**) Overview of ARFI OCE system set up. C: collimator, L: lens, A: attenuator, M: mirror, G: grating, MS: mechanical stage, RFA: radio frequency amplifier, P: probe, S: sample, FG: function generator. (**b**) Probe design (left). probe head including a ring transducer and optical elements inside (right). (**c**) Transducer frequency and echo characterization. (**d**) Transducer axial force field characterization.

The front-facing miniature probe design is shown in Fig. [1b](#Fig1){ref-type="fig"}. A 3.5 mm 8.8 MHz ring ultrasound transducer with a middle aperture of approximately 1 mm with a focal depth of 5.53 mm was used. The optical components include HP-780 optical fiber and 0.7 mm in diameter GRIN lens. First, the single mode optical fiber is cleaved at 8 degrees using an angled fiber cleaver. Next, the GRIN lens is fixed to the fiber with UV glue. The focal distance of the fiber is kept at 5--6 mm by controlling for the distance between the lens and fiber end. A 0.8 mm in diameter polyimide tube is fastened over the lens-fiber complex for protection, and the entire unit is put through the aperture of the transducer. The surface of the transducer and lens are aligned flush so that excitation and detection are exactly confocal, yielding in maximum tissue response signal. The optical fiber is well protected inside a stainless steel torque coil housing and connects the imaging probe to the system via a FC/APC optical connector. One end of the fiber is connected to the GRIN lens for imaging, while the other end is connected to an FC/APC connector and attached to the system for light transmission.

The transducer characterization data including the pulse-echo response and the spectrum is shown in Fig. [1c](#Fig1){ref-type="fig"}. The electrical wire of the transducer connects to the function generator (FG) and radio frequency amplifier (RFA) for synchronization and driving ARF transducer. The tip of the probe was fixed to be stiff with glue and it was then fastened to a metal rod on the mechanical stage for stability and translational movement. The tip of the probe was submerged in a water bath to provide a medium for ultrasound during imaging. The mechanical stage movement was also synchronized with the ARFI excitation and Doppler OCT detection for scanning a B-scan. For calibration studies, only M-mode was used to capture the displacement response and the mechanical stage was not used for lateral scanning. The axial pressure field of the transducer is characterized in Fig. [1d](#Fig1){ref-type="fig"}. For this study, the sample placement was kept within 0.8 mm of the axial focal depth, where the excitation pressure is approximately uniform within a −0.4 dB range. Therefore, the displacement amplitude can be directly compared.

Phase and Displacement Data {#Sec4}
---------------------------

Sample OCE raw images obtained from uniform gelatin phantoms are shown below. The left image in Fig. [2a](#Fig2){ref-type="fig"}, which shows the phase bands with a strong initial compression response and weaker relaxation response, was obtained using 70 V ARF excitation for the duration of 1 ms on a 12.7 kPa gelatin phantom. The middle image utilizes the same duration, but with a higher voltage of 80 V, and it is apparent that there is a difference in the phase bands, with the color changing from green to teal. In the right image, the pulse duration of the ARF is increased to 2.5 ms, and the phase bands for both the compression and relaxation become wider by approximately 2.5 fold.Figure 2Displacement data. (**a**) Raw phase Doppler data of phantom response. (**b**) Displacement and phase analysis of response of 70 V, 1ms excitation.

In order to process and quantify the phase and displacement information, the phase Doppler equation ([1](#Equ1){ref-type=""}) is used. The change in displacement, denoted by Δd, is calculated from the integral of the velocity, v. Using the concepts of the Doppler effect, the velocity can be obtained by calculating the change in phase information, or Δϕ(z,t). The central wavelength of the system is represented by λ~0~, the refractive index is n, the exposure time is τ, and the Doppler angle is θ. The displacement along the same direction as the excitation beam is given by:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}d=\int v\,dt=\int \frac{{\rm{\Delta }}\varphi (z,t){\lambda }_{0}}{4\pi n\tau \,{\rm{c}}{\rm{o}}{\rm{s}}\theta }dt$$\end{document}$$Because the probe is very small and imaging takes place in a water bath, there is a need to eliminate the bulk motion in displacement caused by water movement and large-scale vibrations. Since the frequency of the noise is relatively low compared to that of the tissue response to the ARF, it is possible to use a polynomial regression fit to filter out the low frequency motions^[@CR35]^. A 10^th^ order polynomial fit was used, based on least-squares regression analysis. This low frequency noise component was subtracted from the full signal so that only useful signal remained. The filter was applied on all displacement data to eliminate bulk motion.

In Fig. [2b](#Fig2){ref-type="fig"}, the response of a relatively soft and a relatively stiff gelatin phantom were obtained using a 70 V and 1 ms excitation ARF and both the phase and integrated displacement data are plotted. From the displacement image, it is apparent that the softer phantom displaced more than the stiffer phantom in general. For this particular data point, the maximum displacement of the soft phantom was 0.75 um while that of the stiff phantom was 0.45 um. The relaxation time for the soft phantom was also much longer than that of the stiff one, as expected. The phase plot shows the velocity of the soft phantom to be higher than that of the stiff one during the entire period.

Phantom Studies {#Sec5}
---------------

Next, imaging was performed using 2 uniform gelatin phantoms. In Fig. [3a](#Fig3){ref-type="fig"}, various after-amplification voltages ranging from 50 V to 90 V were used on both phantoms and the displacement values were measured and averaged across 50 points. Bulk motion was once again removed. The relationship between the voltage and displacement is known to be quadratic, which is reflected in the regression fit in Fig. [3a](#Fig3){ref-type="fig"}. The soft phantom exhibited approximately 2 times the displacement value of the stiff one at each excitation voltage. Mechanical testing on the two phantoms was then performed, with the MTS Synergie 100 compression tester. The Young's modulus of the soft phantom was 11.7 kPa while the Young's modulus of the stiff phantom was 23.1 kPa. These results are in general agreement with the experimental data shown in Fig. [3a](#Fig3){ref-type="fig"}.Figure 3Phantom data. (**a**) Voltage versus displacement for relatively soft and stiff uniform gelatin phantoms. (**b**) Pulse width versus displacement for soft gelatin phantom.

Data was also obtained for different excitation pulse widths. The soft gelatin phantom was used with pulse widths ranging from 0.4 to 2.5 ms. There is an approximately linear relationship between the pulse duration and the observed displacement as expected.

For the lateral scanning experiments, an excitation voltage of 70 V and a pulse width of 1 ms was used. The relationship between the Young's modulus, Y, and sample displacement, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ is the stress induced by the ARF and z is the total thickness of the sample. Since the Young's modulus for the soft and stiff phantoms were determined to be 11.7 kPa and 23.1 kPa respectively, corresponding to a soft to stiff elastic ratio to approximately 1:1.97. Since displacement and Young's modulus is inversely proportional, this displacement of the soft to stiff phantom is expected to be 1.97:1, which is approximately the ratio denoted in Fig. [3a](#Fig3){ref-type="fig"}.

Lateral Scanning {#Sec6}
----------------

### Side-by-side Phantom {#Sec7}

Next, in order to validate the feasibility of lateral scanning using a mechanical stage without excess noise, a side-by-side gelatin phantom was made in a 5 cm diameter petri dish with a height of 1 cm, and placed upright at the bottom of the water bath for imaging. The mechanical stage was synchronized with a step size of 20 μm, traveling one step every second. At each step, a 70 V and 1 ms excitation pulse was given, and 500 A-lines were recorded to capture the sample response. The structural OCT image is shown in Fig. [4a](#Fig4){ref-type="fig"}. The 2-sided phantom appears uneven within the ultrasound focal region, with the right surface at a lower position than the left side due to a few different factors, including initial fabrication artifact, diffusion, and evaporation of the phantom between its construction and the time of imaging. This effect has been noted and so mechanical testing was performed immediately after imaging to minimize any changes in the elasticity over time. The OCT image shows a relatively uniform structure throughout. In Fig. [4b](#Fig4){ref-type="fig"}, the elastogram of the same phantom is shown, and it is apparent that the right hand side shows higher displacement than the left side. Figure [4c](#Fig4){ref-type="fig"} draws out the average displacement curve by using segmentation to isolate the entire signal region in Fig. [4b](#Fig4){ref-type="fig"} and taking the mean along the entire depth. The left side has mean value of 0.75 μm while the right side has a mean of 1.13 μm. The displacement values are larger than that of the homogeneous phantoms since the thickness of the side-by-side phantom was larger, at 8 mm. There is a gradual gradient change in the middle region where the two phantom likely diffused and mixed with each other.Figure 4Side by side phantom. (**a**) OCT structural image. (**b**) OCE elastogram. (**c**) Average displacement map.

### Human Cadaver Carotid Artery {#Sec8}

Finally, the carotid artery of a human cadaver was used to test the system response in tissue, specifically in plaque regions. The images were taken with similar parameters as that of the side-by-side phantom, at 20 Hz A-line rate in M-mode, with 1 s per movement step on the mechanical stage. A post-amplified voltage of 70 V and pulse duration of 1ms was used. The OCT image is shown in Fig. [5a](#Fig5){ref-type="fig"}, where it is difficult to distinguish the plaque tissue from just the structural data. There seems to be a structural change on the left hand side of the image that may correspond to a plaque. However, the right hand side looks to be relatively uniform and smooth.Figure 5Cadaver tissue & histology data. (**a**) OCT image of human cadaver coronary artery cross-section. (**b**) OCE elastogram of corresponding region. **(c**) H&E staining of the region under 4x magnification. Red box corresponds to region of stiff inclusion.

From the OCE elastogram shown in Fig. [5b](#Fig5){ref-type="fig"}, it is apparent that the displacement on the left hand side is much smaller than the right hand side, suggesting plaque formation there. More interestingly, within the middle bulging section, there are distinct layers on the tissue. The dark blue region is much stiffer, suggesting that there may be a fibrous plaque layer there. The right hand side of the image shows higher displacement and signals toward relatively healthy tissue.

In order to validate the feasibility of our system in discerning abnormalities in tissue, histology was performed on the matching tissue using H&E staining shown in Fig. [5c](#Fig5){ref-type="fig"}. A research pathologist was consulted in reading the histological slide. There is relative preservation of the smooth muscle layers in the media of the artery on the right hand portion, shown by the black arrow. However, there is obvious intimal thickening and atheroma on the lumen side, indicated by the blue arrow, which correspond to the low displacement region in the middle of Fig. [5b](#Fig5){ref-type="fig"}. Within the 300 um tissue penetration that was imaged, the intimal thickening was fully captured, shown by the yellow layer. On the left hand side, there is a thicker atherosclerotic plaque, for which the vacuoles can be visualized, and this can be correlated to the lower displacement on the left side than the right side. Based on the morphology, these indications are consistent with atherosclerotic plaques. This demonstrates that the mechanical elasticity seen in our elastogram matches well with tissue pathology. It is also important to note that the system has the capabilities to differentiate both lateral and axial contrast within arterial tissue. A gradient can be seen from the left side where it is stiffer to the right side where the healthier tissue is soft. This can potentially allow us to diagnose the severity of stiffening and disease progression.

Using the calibration data for the ARF stress value, we can approximate the relative Young's moduli of the healthy versus diseased region. In Fig. [5](#Fig5){ref-type="fig"} above, the far right side consists of mostly healthy tissue and early atheroma, and the average displacement is estimated to be 0.97 ± 0.2 um. The left side, consisting of abnormal tissue, has a displacement of 0.19 ± 0.04 um. This corresponds to a stiffness ratio of 1:5.1 for the right to left sides. According to this value and comparison to literature^[@CR34]^, the diseased region is most likely composed of fibrous plaque, which has been verified with histology as well.

Discussion and Conclusion {#Sec9}
=========================

Although we demonstrated that we can obtain ARF-OCE imaging with a miniature ARF transducer, there are a few limitations that need to be overcome before this technology can be translated to *in vivo* intravascular imaging. Current imaging speed is too slow, at approximately 8 minutes per 2D scan, and continuous excitation may be necessary to increase the imaging speed. In addition, the prototype probe is currently 3.5 mm in diameter, which is limited by the ring ultrasound transducer. In order to perform intravascular imaging especially in the smaller coronary arteries, the transducer needs to be further reduced to about 1 mm. Furthermore, a side-facing probe must be implemented. We have previously demonstrated integrated OCT/US probes with a diameter of less than 1 mm, and translated this technology for *in vivo* imaging^[@CR6]^. Another issue to consider is the bulk motion of the ARF in *in vivo* studies, where the probe will not be supported by a metal rod. Further tests need to be performed in order to validate the effect of such noise. In addition, the cadaver sample used in this experiment only had fibrous plaque, and did not have any lipid or calcifications. Since the acoustic properties of fibrous plaque is similar to that of smooth muscle in the artery, the displacement amplitude could be used alone for relative stiffness estimations^[@CR36]^. However, since the properties are significantly different in lipid^[@CR37]^, additional tests and parameters, such as the time to peak displacement and recovery time, may be used to characterize the mechanical properties. Finally, current system uses an OCT system centered at 890 nm wavelength, which limits the imaging depth. The penetration range can be improved by either using a 1.3 um center wavelength source in the system or increasing the output power.

In conclusion, we have introduced an ARFI-OCE technique that uses a front-facing miniature probe with a ring transducer to generate elastograms of tissue with high mechanical sensitivity. Phantom data was collected using two uniform phantoms with different stiffness. Lateral scanning was performed using a side-by-side gelatin phantom and observed the appropriate mechanical contrast. Finally, imaging was performed on a human cadaver carotid artery sample and tissue abnormality was detected and matched to histology results. The relative Young's moduli of the tissue were approximated based on the relative displacement information. These results represent a prototype device that can identify plaque regions effectively and serves as an important step to the miniaturization and translation of this technology for *in vivo* imaging.

Methods {#Sec10}
=======

Phantom preparation {#Sec11}
-------------------

Two gelatin phantoms with different stiffness were fabricated. The relatively soft phantom was composed for 2.45% (by weight) gelatin, 0.4% (by volume) intralipid, and 1.8% (by weight) silicon dioxide. The stiffer phantom composed of 6% (by weight) gelatin. Intralipid was added for optical contrast while silicon dioxide was for acoustic attenuation. The uniform phantoms are circular with a diameter of 5 cm and thickness of 5 mm. A side-by-side phantom was also fabricated by cutting out a portion of the stiff phantom and adding the gelatin mixture of the soft phantom to the opening. The thickness of the side-by-side phantom was approximately 8 mm. There was some diffusion that occurred between the barriers of the two phantoms, which contributed to a gradient in elasticity.

Cadaver tissue preparation {#Sec12}
--------------------------

Fresh human carotid artery samples were obtained from volunteer subjects and frozen in a −19 C degree freezer. After the imaging system was set up, the tissue was thawed and a 1 cm section of the tissue was isolated and cut open longitudinally. The tissue was pinned down to a holder and submerged in phosphate buffered saline for imaging to minimize swelling. After imaging was completed, the region of interest was marked with pins and the tissue was fixed in formalin for 24 hours. Then it was processed and embedded in wax. Sectioning was performed using a Microtome to obtain 6 um thick slices on a region of interest of 1mm. Finally, H&E staining was performed and images were taken with a microscope with 4x magnification to find a match with the experimental region of interest.

All methods were carried out in accordance with the University of California, Irvine (UCI) Institutional Review Board (IRB) and the Institutional Biosafety Committee (IBC). IRB granted an exemption to the protocol requirement since the activities do not constitute Human Subject Research. Informed consent was deemed unnecessary because confidentiality of the deceased cadaver tissues is protected and coded. All experimental protocols were approved by the UCI IBC under protocol \#2016--1570.

Compression Testing {#Sec13}
-------------------

Mechanical compression tests were performed on the 2 uniform gelatin phantoms using a MTS Synergie 100. A strain of up to 0.1 mm/mm was used, with a strain rate of 50 mm/min. The thickness of the tissue was approximately 1 cm, and 50% compression was used. In most cases, deterioration was seen at around 50%.
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